Retroviral reverse transcriptases use host cellular tRNAs as primers to initiate reverse transcription. In the case of human immunode®ciency virus type 1 (HIV-1), the 3 H 18 nucleotides of human tRNA Lys,3 are annealed to a complementary sequence on the RNA genome known as the primer binding site (PBS). The HIV-1 nucleocapsid protein (NC) facilitates this annealing. To understand the structural changes that are induced upon NC binding to the tRNA alone, we employed a chemical probing method using the lanthanide metal terbium. At low concentrations of NC, the strong terbium cleavage observed in the core region of the tRNA is signi®cantly attenuated. Thus, NC binding ®rst results in disruption of the tRNA's metal binding pockets, including those that stabilize the D-TÉC tertiary interaction. When NC concentrations approach the amount needed for complete primer/template annealing, NC further destabilizes the tRNA acceptor-TÉC stem minihelix, as evidenced by increased terbium cleavage in this domain. A mutant form of NC (SSHS NC), which lacks the zinc ®nger structures, is able to anneal tRNA Lys, 3 ef®ciently to the PBS, and to destabilize the tRNA tertiary core, albeit less effectively than wild-type NC. This mutant form of NC does not affect cleavage signi®cantly in the helical regions, even when bound at high concentrations. These results, as well as experiments conducted in the presence of polyLys, suggest that in the absence of the zinc ®nger structures, NC acts as a polycation, neutralizing the highly negative phosphodiester backbone. The presence of an effective multivalent cationic peptide is suf®cient for ef®cient tRNA primer annealing to the PBS.
Introduction
The human immunode®ciency virus type 1 (HIV-1) is a retrovirus that is the causative agent of AIDS. 1 ± 3 Retroviruses carry their genetic information on a single-stranded RNA genome that is reverse transcribed to double-stranded DNA before integration into the host's genome. A host cellular tRNA functions as the primer for reverse transcription, and HIV-1 uses human tRNA Lys, 3 for this purpose. 4, 5 The 3 H 18 nucleotides of this tRNA are perfectly complementary to a sequence on the RNA genome known as the primer binding site (PBS). 4 The HIV-1 nucleocapsid protein (NC) is a nucleic acid chaperone protein, which catalyzes the rearrangement of nucleic acids into what is presumably their most thermodynamically stable structure containing the maximum number of base-pairs. 6, 7 Among its numerous chaperone functions, NC has been shown to facilitate the annealing of tRNA Lys, 3 to the PBS in vitro. 8, 9 This tRNA annealing step is the ®rst step in a complex series of events that ultimately result in the synthesis of full-length double-stranded proviral DNA ( Figure 1 ).
Retroviral NCs are short, basic proteins containing one or two highly conserved CCHC zinc ®nger motifs. 7, 10, 11 HIV-1 NC is only 55 amino acid residues in length ( Figure 2 ) and demonstrates complex, ionic strength-dependent nucleic acid binding properties. 12 ± 14 Although HIV-1 NC binds to many different nucleic acid sequences with varying af®-nity, it appears to have speci®c, high af®nity binding to single-stranded GT-rich sequences, 15 ± 17 as well as to certain purine-rich loops. 18, 19 Moreover, NMR structures of NC bound to the genomic packaging signals SL2 and SL3 highlight NC's adaptive RNA binding capability. 18, 19 The importance of the retroviral NC zinc ®n-ger structures in the virus lifecycle has been studied extensively. These motifs are essential for retroviral replication, 20 ± 25 and have recently been shown to play a critical role in facilitating ef®-cient minus-strand transfer in vitro. 26 The presence of the zinc ®ngers is also important for NC's role in blocking TAR-induced self-priming reactions. In contrast to their role in minusstrand transfer, annealing in plus-strand transfer is not dependent on NC zinc ®ngers. 26 These strand transfer studies were carried out using a mutant form of NC (SSHS NC), wherein all six cysteine residues involved in chelating zinc were changed to serine (Figure 2 ). Although the SSHS mutant is incapable of coordinating zinc, the conservative cysteine to serine mutations allow the speci®c role of the zinc ®nger structures to be tested. While an important role of the zinc ®ngers in minus-strand transfer has been established, 26 their signi®cance in many other chaperone functions such as tRNA annealing is still unclear.
Upon tRNA Lys, 3 annealing to the PBS, major conformational changes in the tertiary structure of both nucleic acids occurs. 27, 28 Although tRNA Lys, 3 acceptor stem strand separation is a prerequisite for primer annealing, using¯uorescence resonance energy transfer (FRET), we determined that the two strands that constitute the acceptor stem of tRNA Lys,3 do not signi®cantly separate upon NC binding in the absence of the RNA genome. 29 Complete strand separation is observed only in the presence of the PBS-containing RNA genome. These FRET data, however, could not determine whether H end of the tRNA to generate the (À) SSDNA fragment, which is complementary to the 5 H end of the RNA genome. The RNase H activity of RT degrades the RNA in the RNA-DNA hybrid.
Step 3. The (À)SSDNA fragment translocates to the 3 H end of the RNA genome in a process known as minus-strand transfer.
Step 4. Reverse transcription continues to generate nearly full-length (À) cDNA, and the plus-strand of the RNA genome is degraded with the exception of a stable polypurine tract (PPT).
Step 5. The PPT is used as the primer for () SSDNA synthesis, which terminates after the 3 H 18 nt of the tRNA are copied.
Step 6. Following degradation of the tRNA primer, plus-strand transfer occurs.
Step 7. RT completes synthesis of the full-length double-stranded cDNA. The thinner lines represent RNA and the thick lines are DNA. The 3 H 18 nucleotides of the primer and the PBS are shown in gray. Primary sequence of HIV-1 NC (NL4-3 isolate). The cysteine and histidine residues that chelate zinc are shown in gray. The arrows point to the six cysteine-to-serine substitutions that were made to generate SSHS NC.
NC alone induces other conformational changes upon tRNA binding, such as partial tertiary structure unfolding or even more subtle structural changes. Thus, in this work, we employed a recently described terbium ion cleavage method 30 to probe tRNA structural changes upon NC binding. We also compare the cleavage pattern observed with wild-type NC to that observed in the presence of SSHS NC. Although we show that the mutant protein anneals tRNA Lys, 3 ef®ciently to the PBS, its pattern of terbium cleavage differs from that of wild-type NC. A non-speci®c cationic peptide polyLys 8800 is also able to anneal tRNA Lys, 3 rapidly to the PBS, and tRNA binding to polyLys results in a terbium cleavage pattern very similar to that observed in the presence of SSHS NC. Taken together, these results support the conclusion that subtle RNA tertiary structural changes do occur upon NC binding to tRNA alone. Moreover, in the absence of the zinc ®ngers, NC acts as an effective multivalent cation that can facilitate rapid annealing of the tRNA primer to the PBS.
Results
Terbium cleavage assays probe tRNA Lys, 3 structural changes induced upon NC binding Previously, we showed that terbium is an RNA cleaving agent that is sensitive to magnesiuminduced changes in tRNA Lys,3 tertiary structure. 30 Brie¯y, a tRNA prepared in the absence of magnesium (which we designated as``unfolded'' despite the presence of secondary structure and weak tertiary interactions 31 ) is cleaved at nearly every position. In contrast, a tRNA``folded'' in the presence of 55 mM magnesium is protected from cleavage in the helical regions and cleaved primarily in the metal binding pockets. Terbium readily substitutes for magnesium binding sites in RNA, 32 ± 34 and the intense cleavage observed at nucleotide 15 of tRNA Lys, 3 in the presence of magnesium is diagnostic of a correctly folded tertiary core. 30 Thus, despite the fact that unmodi®ed tRNA Lys,3 was used in this work, magnesium can induce a folded tRNA tertiary structure that closely resembles the native tRNA structure, as previously shown for unmodi®ed tRNA Phe . 31, 35 Here, we use terbium cleavage assays performed in the presence and absence of HIV-1 NC to probe tRNA structural changes induced upon protein binding. All protein-bound RNA cleavage assays were performed using unmodi®ed human tRNA Lys,3 that had been refolded in the presence of magnesium. The terbium cleavage pattern of tRNA Lys, 3 in the absence or presence of varying amounts of wild-type NC is shown in Figure 3(a) . In the absence of NC, a cleavage pattern characteristic of a folded tRNA is observed, with intense cleavage at position 15 ( Figure 3(a) , lane 4). At low protein concentrations (nt:NC ratio > 40:1), little change in the cleavage pattern is observed relative to experiments performed in the absence of NC (Figure 3(a) , lanes 5-7). At a nt:NC ratio of 40:1, we observe a decrease in cleavage in the D and anticodon-loops, most notably at position 15, where cleavage is reduced by 51 % relative to cleavage carried out in the absence of NC (set at 100 %). Thus, low levels of NC binding apparently destabilize the tRNA metal binding pockets such that terbium cannot coordinate at these sites as readily, thereby effectively protecting them from cleavage. The reduction in cleavage at position 15 is even more evident at a 25:1 nt:NC ratio (À78 %) (Figure 3(a) , lane 11), and by 20:1, cleavage is almost completely eliminated (À90 %) (Figure 3(a) , lane 12). As described in more detail below, the strong attenuation of cleavage observed in the vicinity of the metal binding pockets is unlikely to be caused by a direct steric block (i.e. an NC footprint), but rather results from conformational changes in the tRNA tertiary core induced by NC binding.
We and others have previously determined, that ef®cient tRNA primer/template annealing by wildtype NC requires an optimal nt:NC ratio of approximately 8:1. 36 ± 39 As the NC concentration approaches this value, the cleavage at position 15 is essentially eliminated (À95 %) (Figure 3 Primer/template annealing assays with wildtype NC, SSHS NC, and polyLys 8800
To establish the role of the zinc ®ngers in tRNA primer annealing onto the HIV-1 genomic RNA, annealing assays were carried out with a mutant form of NC (SSHS NC) lacking the two zinc ®nger structures ( Figure 2 ). For these studies, unmodi®ed human tRNA Lys, 3 was incubated in the presence of a 105 nt long HIV-1 template containing the 18 nt PBS. The rate of tRNA primer annealing was compared using wild-type and SSHS NC. Figure 5 shows the results of a typical annealing assay. Surprisingly, we ®nd that the rate of annealing using the zinc ®nger mutant (t 1/2 23 seconds) is approximately fourfold faster than the rate obtained in the presence of wild-type NC (t 1/2 99 seconds).
SSHS NC lacks the six cysteine residues that chelate zinc, but maintains all of the positively charged residues that contribute to electrostatic interactions with RNA. To further understand the role of electrostatic interactions in tRNA primer annealing, we also carried out annealing assays in the presence of a non-speci®c polycationic peptide, polyLys 8800. We ®nd that polyLys anneals the binary complex at a rate that is similar to that of SSHS NC (data not shown). Thus, non-speci®c electrostatic interactions appear to be suf®cient for ef®cient in vitro annealing of the tRNA to the PBS.
Terbium cleavage assays to probe tRNA Lys, 3 structural changes induced upon SSHS NC and polyLys 8800 binding
The annealing assays show that the zinc ®ngers are not essential for annealing of the tRNA primer to the viral PBS by NC. However, the mechanism of annealing with SSHS NC, which lacks speci®c zinc ®nger structures, is likely to be largely electrostatic in nature. Using terbium cleavage assays, we next compared the capability of the zinc ®nger mutant to alter the structure of the tRNA.
We observe subtle differences in the concentration-dependent terbium cleavage pattern generated in the presence of wild-type versus SSHS NC. Terbium cleavage assays were also carried out in the presence of the non-speci®c cationic peptide, polyLys 8800, which is also effective at annealing tRNA Lys,3 to the PBS. The polyLys-bound tRNA produced a terbium cleavage pattern very similar to that of SSHS NC (data not shown). That is, polyLys 8800 destabilized the RNA metal binding pockets in a concentration-dependent manner, but did not appear to substantially alter the stability of the helical regions.
Terbium cleavage assays to probe tRNA Lys, 3 structural changes induced upon human lysyltRNA synthetase (LysRS) binding
The terbium cleavage pattern of tRNA Lys, 3 bound to another tRNA binding protein, human LysRS, was also studied. LysRS is the enzyme responsible for covalent attachment of lysine to the 3 H end of tRNA Lys . The anticodon loop, located at the opposite end of the L-shaped tRNA relative to the site of amino acid attachment, contains essential determinants for human LysRS recognition. 40 Maintenance of key tertiary interactions is also critical for ef®cient aminoacylation with lysine. 40 Thus, it is expected that human LysRS, which by analogy to other synthetases is predicted to bind primarily to the inside of the L-shaped tRNA, 41, 42 should not disrupt the tRNA tertiary structure signi®cantly upon binding. Figure 6 shows a terbium cleavage assay carried out in the presence of increasing amounts of human LysRS. In contrast to the results obtained with NC, upon binding to tRNA Lys, 3 , the synthetase does not disrupt the metal binding pocket in the tRNA core. Strong cleavage at position 15 is maintained even at the highest enzyme concentration ( Figure 6, lane 9) . These results are Figure 6, lane 6) . Thus, whereas high concentrations of wild-type NC resulted in enhanced terbium cleavage primarily in the acceptor-TÉC domain (Figure 3(a) ), a result that is consistent with NC's ability to partially denature these sites, LysRS binding results in signi®cant protection from cleavage. Although the protection pattern observed in the presence of LysRS shows that the synthetase binds throughout the entire tRNA, the strongest protection maps primarily to the D and anticodon stem-loop domains ( Figure 6, lanes 5-9) .
Discussion
Terbium cleavage assays reveal NC-induced tRNA structural changes During tRNA primer/template annealing, signi®cant structural changes in both RNAs have been shown to occur. 27, 28 However, the extent of tRNA unwinding that occurs upon NC binding in the absence of the HIV genome is less clear. 43, 44 FRET experiments allowed us to conclude that NC binding to tRNA alone does not result in global acceptor-TÉC stem unwinding or strand separation. 29 Recent heteronuclear NMR studies conducted with a truncated form of NC, are also consistent with the lack of global unwinding of modi®ed tRNA Lys, 3 by NC. 45 These studies along with earlier one-dimensional NMR studies conducted with modi®ed yeast tRNA Phe , 46 showed that NC binding only slightly perturbs base-pairs in the acceptor stem and core region of the tRNAs.
To de®ne further tRNA Lys,3 structural changes induced by NC binding to the tRNA alone, we employed a recently described terbium cleavage assay. 30, 47 Unlike other chemical or enzymatic cleavage methods, terbium cleavage does not generate an RNA-NC footprint. Instead, we ®nd that terbium is a sensitive probe of RNA structural changes that occur upon NC binding. Trivalent terbium has a higher af®nity than magnesium for divalent metal binding sites in RNA. [32] [33] [34] In the case of unmodi®ed human tRNA Lys, 3 , we previously showed that in the presence of magnesium, which facilitates folding of the tRNA tertiary structure, 30, 31, 35 terbium binds to several preformed metal binding pockets located in the core domain of the tRNA and in the anticodon loop, and induces backbone cleavage at these locations. 30 Upon NC binding to tRNA Lys, 3 , we now show that even low concentrations of protein result in destabilization of these metal binding pockets, leading to a decrease in terbium binding and cleavage at these sites (Figure 3(a) ). These results are consistent with ®ndings of Giedroc and co-workers showing Effect of NC Binding on tRNA Lys, 3 Structure that NC binding inhibits the well-known lead cleavage of yeast tRNA Phe . 46 The results of terbium cleavage experiments conducted at optimal (8:1) nt:NC concentrations for primer/template annealing are summarized in Figure 7 (a) and (b) (left panels). Under these conditions, in addition to reduced cleavage in the vicinity of the metal binding pockets (green symbols), we observe increased terbium cleavage in the tRNA acceptor-TÉC stem-loop and the D stem (red symbols). This result suggests that NC binding signi®cantly destabilizes these helices, allowing terbium greater access to the RNA backbone. That these effects are localized primarily to the acceptor-TÉC minihelix domain of the tRNA is striking. These observations are fully consistent with NC's tRNA primer annealing activity, which involves base-pair rearrangement of the 3 H 18 nucleotides contained entirely within this minihelix portion of the L-shaped structure. The dissociation rate constants for NC binding to the SL2 and SL3 stemloop packaging signals were recently reported to be in the range of 5 to 6 s À1 . 19 Thus, the relatively high off-rate of NC-nucleic acid interactions, along with its small size, are likely to contribute to the success of the terbium cleavage technique in reporting on RNA structural changes that occur as a consequence of NC binding.
In contrast to NC, human LysRS is a tRNA binding protein that is not expected to alter the tertiary structure of tRNA signi®cantly. 40 The crystal structure of bacterial LysRS complexed with tRNA Lys revealed that the anticodon bases are¯ipped out to make speci®c interactions with the synthetase. 48 Since the remaining part of the tRNA is disordered, a clearer picture of the synthetase-tRNA interaction is revealed by the homologous class IIb aspartyl-tRNA synthetase (AspRS). AspRS recognizes the variable loop side and major groove acceptor stem of tRNA Asp . 41 When complexed with AspRS, the structure of the core region of tRNA Asp , from the middle of the acceptor stem to the middle of the anticodon stem, remains constant. As expected, terbium-induced cleavage assays carried out in the presence of LysRS show that the core tertiary structure of the tRNA is not disrupted upon synthetase binding ( Figure 6 ). In fact, the strong cleavage at position 15, which is diagnostic of a correctly folded tertiary core, is maintained even at the highest protein concentration. Thus, LysRS appears to stabilize the tertiary fold. The strongest protection maps to the D and anticodon domains in the presence of human LysRS, a result that is in accordance with the importance of the anticodon for synthetase recognition. 40 Terbium cleavage assays reveal differences between wild-type and SSHS NC The importance of NC's zinc ®nger motifs in the retroviral lifecycle has been well-documented. 20 ± 25 However, their role in speci®c nucleic acid chaperone functions is less clear. Although the importance of the zinc ®nger motifs for tRNA primer annealing has been examined, many of these earlier studies used deletion mutants of NC that also eliminated potentially important basic residues. These in vitro studies led to contradictory conclusions regarding the role of the zinc ®ngers in primer annealing. 8, 14, 39 Huang and co-workers 49 used a different approach to evaluate the role of the zinc ®ngers. These researchers made either single, double, or triple mutants of select residues throughout NC, including residues in both zinc ®n-gers, and determined the effect of these changes on in vivo tRNA Lys,3 placement onto the PBS. This study concluded that mutants¯anking the ®rst zinc ®nger maximally inhibited primer placement, whereas mutations within the two ®ngers had only moderate inhibition (®rst ®nger) or little or no inhibition (second ®nger).
Recently, the NC zinc ®ngers have been shown to contribute signi®cantly to the annealing step in minus-strand transfer and to NC's ability to block TAR-induced self-priming. 26 This work was carried out using an SSHS mutant form of NC wherein all the cysteine residues in the CCHC arrays were mutated to serine. In this variant protein, the zinc binding capability is eliminated with minimal effect on the primary sequence. Using SSHS NC, we now show that in contrast to minus-strand transfer, the zinc-®nger structures are not required for ef®cient annealing of the tRNA Lys,3 primer to the viral PBS ( Figure 5 ). However, terbium cleavage assays revealed that these structures do appear to contribute to tRNA destabilization (Figure 3(b) ). In particular, although SSHS NC binding results in signi®cant destabilization of the RNA metal binding pockets as evidenced by reduced cleavage at position 15 (Figure 4(a) ), the stability of the tRNA helical domains is not signi®-cantly affected (Figure 4(b)-(d) ). Thus, in contrast to wild-type NC, SSHS NC facilitates rapid tRNA annealing without altering the acceptor-TÉC stem stability upon binding. Alternatively, high af®nity SSHS NC interactions with the double-stranded helices may prevent enhanced terbium cleavage due to direct protein binding. Figure 7 (a) and (b) (right panels) summarizes the effects of SSHS NC binding on the pattern of terbium cleavage. Strong protection from cleavage is observed in the vicinity of the metal binding pockets in tRNA Lys, 3 . These results are indicative of core tertiary structural changes upon SSHS NC binding, although the protein concentration dependence of this effect is slightly altered upon zinc ®nger deletion (Figure 4(a) ). However, in contrast to the results obtained for wild-type NC, signi®cantly enhanced cleavage in the acceptor-TÉC minihelix domain is not observed with the mutant (Figure 7) . Therefore, the capability to destabilize tRNA helical domains depends on the presence of the zinc ®nger structures.
In vivo, all tRNAs contain modi®ed bases that have been shown to stabilize the tRNA structure [50] [51] [52] [53] and allow many of the tertiary inter-actions to form even in the absence of magnesium. 31, 50, 54 In the presence of magnesium, unmodi®ed tRNA transcripts have been shown to fold into tertiary structures that closely mimic the native tRNA structure. 31, 35, 52 Therefore, unmodi®ed tRNA Lys,3 folded in the presence of magnesium is a useful model system for comparing the effects of NC versus SSHS NC on tRNA tertiary structure. Nevertheless, it will be of interest in the future to determine the effect, if any, of human tRNA Lys, 3 base modi®cations on NC-induced conformational changes.
Role of NC's zinc fingers in nucleic acid chaperone activity NMR studies indicate that in the absence of zinc, NC forms a random coil. 55 Upon addition of zinc, the CCHC arrays form structurally stable domains with little, if any, inter-®nger interactions. [55] [56] [57] [58] Although the presence of the zinc-®nger structures decreases the¯exibility of NC, they appear to impart preferential binding to single-stranded nucleic acids. 16,59 ± 61 Despite the fact that SSHS NC, which lacks the zinc ®nger structures, does not appear to signi®cantly denature the acceptor-TÉC minihelix domain of unmodi®ed tRNA Lys, 3 in the same manner as we observe for the wild-type protein, it is not defective in the rate of primer/template annealing. Thus, features other than the zinc ®ngers must contribute to this RNA chaperone function.
Both wild-type and SSHS NC contain 15 positively charged Arg/Lys residues, many of which have been shown in the case of the wild-type protein, to be intimately involved in RNA backbone interactions. 18, 19 With its increased¯exibility relative to wild-type NC, it is likely that SSHS NC binds more effectively to the negatively charged RNA backbone. It is known that multivalent cations induce an attractive force between nucleic acids that causes DNA condensation and increases the ef®ciency of nucleic acid annealing. 62 ± 66 For example, Herschlag et al. 66 showed that positively charged peptides derived from the HIV tat and rev proteins alone were able to increase the rate of annealing of a substrate RNA to a hammerhead ribozyme in an analogous manner to NC. Annealing assays carried out with a non-speci®c polycation, polyLys 8800, lend further support to this hypothesis. By increasing the number of positively charged residues in the context of a structurallȳ exible protein, polyLys is able to facilitate primer/template annealing at a rate that is also signi®cantly faster than wild-type NC (data not shown).
Recently, we carried out single molecule DNA stretching studies to measure the effect of NC and SSHS NC on the force-induced helix-coil transition of single l-DNA molecules. 61 We found a striking difference between the two forms of NC. Whereas wild-type NC binding signi®cantly reduced the helix-coil transition free energy (i.e. destabilized the double-stranded DNA), SSHS NC binding resulted in a free energy increase. This result is consistent with our new ®ndings that the zinc ®n-gers play a signi®cant role in destabilizing RNA helices, and with a previous report showing that NC destabilizes a stable (À) PBS DNA stem-loop structure that is present prior to plus-strand transfer. 67 The force measurements also showed that only wild-type NC altered the cooperativity of the helix-coil transition, lowering it in a manner that is consistent with its chaperone activity. In other words, NC binding increased the fraction of basepairs in the melted state. SSHS NC did not have this effect. 61 The latter result is in accordance with the ®nding that the zinc ®ngers play a signi®cant role in annealing highly structured nucleic acids, such as the TAR RNA element and its DNA complement, which are present prior to minus-strand transfer. 26 The annealing step in minus-strand transfer results in the formation of a long 98 nt base-paired binary complex, and the rate of annealing is approximately eightfold lower when SSHS NC is used relative to wild-type NC. 26 In contrast, the annealing step in plus-strand transfer, which results in an 18 nt DNA-DNA duplex, is not dependent on NC's zinc ®ngers. 26 Similarly, the new work reported here suggests that the presence of an effective multivalent cationic peptide is suf®-cient for ef®cient tRNA primer annealing to the relatively short 18 nt PBS sequence. Taken together with the DNA stretching studies, our results also suggest that the capability of wild-type NC to decrease the cooperativity of the helix-coil transition is not important in its role in tRNA primer annealing.
Materials and Methods

Protein purification
All of the proteins used in this work were prepared according to previously published procedures as follows: human LysRS, 68 wild-type NC (NL 4-3 isolate), 69 SSHS NC, 26 and T7 RNA polymerase. 70 PolyLys 8800 was obtained from Sigma.
RNA preparation
Phosphorylated and unphosphorylated (5
H -OH) unmodi®ed human tRNA Lys,3 was prepared as described. 30 The internally labeled in vitro transcribed tRNA reactions were supplemented with 17 mCi/ml [a 32 P]GTP. The 105 nucleotide HIV-1 template (HXB2 isolate) was cloned from the pHIV-PBS plasmid (a gift from Dr Lawrence Kleiman at the Lady Davis Institute for Medical Research-Jewish General Hospital, Montreal, Canada) by PCR, and placed downstream from a T7 RNA polymerase promoter (pShortPBS). The FokI digested pShortPBS was in vitro transcribed, as described. 71 The transcripts were gel-puri®ed on an 8 % (w/v) denaturing polyacrylamide gel. The 5 H -OH containing tRNA Lys,3 was radiolabeled with [g 32 P]ATP by polynucleotide kinase. After gel puri®cation, the RNAs were dissolved in diethyl pyrocarbonate-treated water and stored at À20
C. Prior
Effect of NC Binding on tRNA Lys, 3 Structure to use, the tRNA was refolded in 50 mM Hepes (pH 7.5) by heating at 80 C for two minutes then cooling to 60 C for two minutes, followed by addition of MgCl 2 to 10 mM and placement on ice. The template was refolded in 25 mM Hepes (pH 7.5) by heating at 85 C for 2.5 minutes then cooling to 50 C for eight minutes, followed by addition of MgCl 2 to 10 mM and placement on ice. The unfolded tRNA was heat denatured in 50 mM Hepes (pH 7.5) for two minutes at 80 C, then placed on ice.
Annealing assays
Refolded internally 32 , 95 nM RNA template, 50 mM Hepes (pH 7.5), 20 mM NaCl, 5 mM DTT, 4 mM MgCl 2 , and 1.61 mM protein (8:1 nt:protein ratio). Aliquots from the annealing reaction were quenched by incubation with 1 % (w/v) SDS at 37 C for ten minutes. The samples were phenol/ chloroform extracted twice before separation on a SDS-10 % PAGE (19:1 acrylamide/bisacrylamide). The gels were visualized using a Bio-Rad Molecular Imager FX and quanti®ed with Bio-Rad Quantity One Software.
TbCl 3 cleavage assays
The highest purity terbium (99.999 %), purchased from Sigma, was freshly dissolved in diethyl pyrocarbonatetreated water daily. The refolded 32 P-end-labeled tRNA (1.25 mM ®nal concentration) was added to a solution containing 62.5 mM Hepes (pH 7.5), 25 mM NaCl, 6.25 mM DTT, 5 mM MgCl 2 , and the appropriate concentration of protein (NC, SSHS NC, polyLys 8800, or human LysRS), and the mixture was incubated at 37 C for ten minutes. To initiate terbium cleavage, an 8 ml aliquot of this mixture was combined with 2 ml of 0.25 mM TbCl 3 . Thus, the ®nal reaction mixture contained 50 mM Hepes (pH 7.5), 20 mM NaCl, 5 mM DTT, 4 mM MgCl 2 , 1 mM [ 32 P]tRNA (10 5 cpm), 0 to 15 mM protein, and 0.05 mM TbCl 3 . The cleavage reaction was incubated at 37 C for 15 minutes and quenched by the addition of EDTA (pH 8.0), to a ®nal concentration of 45 mM and placed on ice. The unfolded tRNA was subjected to the same cleavage conditions, but in the absence of magnesium. The samples were incubated in 1 % SDS at 37 C for ten minutes, phenol/chloroform extracted twice, ethanol precipitated at À20 C, and re-dissolved in 10 mM Tris-HCl (pH 7.5), 1 mM EDTA. Partial alkaline hydrolysis and RNase T 1 digests of tRNA Lys,3 were performed as described. 30 Prior to analysis by gel electrophoresis, an equal volume of 100 % (v/v) formamide was added to all samples, which were then denatured at 80 C for three minutes and placed on ice. The cleavage products were separated on a 15 % denaturing polyacrylamide gel run at a constant power of 80 W. To visualize positions 7 to 40, the gels were run for 2.5 hours, whereas longer RNA fragments were resolved for 4.5 hours. The gels were visualized using a Bio-Rad Molecular Imager FX and quanti®ed with Bio-Rad Quantity One Software.
